Extensive investigations of strongly correlated materials over past decades have demonstrated that qualitative deviations from the standard theory of metals, Landau's Fermi liquid (FL) theory (1) , develop almost routinely in the vicinity of a magnetic quantum phase transition (2, 3) . Conventionally, the origin of such non-Fermi liquid (NFL) behavior is attributed to the strong damping of the quasi-particle's life time by quantum critical fluctuations of an underlying order parameter (4) (5) (6) (7) (8) (9) .
Physics delineates between the concept of a phase, occupying a finite parameter region of ground-state, and quantum critical points, appearing at the transition between phases. Although the possible existence of strange metal phases with NFL behavior, occupying a finite region of the ground-state phase diagram has long been speculated (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , the close proximity of such phenomena to magnetic instability, and a strong sensitivity to impurities has to date impeded confirmation of this idea. One of the most challenging questions is whether a fully paramagnetic strange metal phase is possible without magnetic criticality, retaining full symmetry of the underlying crystal structure.
Many prototypical quantum critical (QC) materials have been found within the class of 4f heavy fermion compounds. The highly tunable characteristic energy scales and availability of high purity crystals make them ideal candidates for the study of quantum criticality (2, 3) . In these materials, quantum criticality develops from a competition between local moment magnetism and the conduction electron screening of the local moments (the Kondo effect). Most QC heavy-fermion materials are known to have an almost integral valence which stabilizes the local moments considered essential for the criticality.
An exception to this rule was recently discovered in β-YbAlB 4 , which exhibits quantum criticality despite strong mixed valency (20) (21) (22) (23) . Ultrapure single crystals of this material exhibit intrinsically singular thermodynamic and transport behavior up to an upper limit scale of several K, including a divergent temperature dependence of the magnetic susceptibility ∼ T −1/2 and an anomalous T 3/2 dependence of the electrical resistivity, both of which are extremely sensitive to a magnetic field B (20, 22, 23) . In particular, T /B scaling of the magnetization has been observed over four decades of T /B, projected to extend down to fields as small as 0.1 mT (22) .
However, the observation of intrinsic quantum criticality as a function of field does not rule out the possibility that this phenomenon is merely a fine-tuned coincidence of lattice structure.
Here through an extensive series of pressure measurements of the resistivity using ultrapure crystals, we demonstrate that the intrinsic quantum criticality of β-YbAlB 4 is not fine-tuned, but instead occupies an extended island of pressure in the phase diagram, indicating a formation of a phase without any symmetry breaking external fields for stabilization. Furthermore, we show that the strange metal region is clearly surrounded and separated from a high-pressure magnetic instability by a finite pressure range of Fermi liquid behavior.
First we present our main experimental observation of the extensive region of the strange metal behavior and its evolution to a Fermi liquid phase. Figure 1A shows the temperature dependence of the zero-field resistivity of β-YbAlB 4 under various pressures. Here, we employed ultrapure crystals with RRR = 300 (with ρ 0 < 0.5 µΩcm, and mean free path of > 1000Å) and performed high-precision resistivity measurements (with noise levels of < 40 pVHz −1/2 ) using a piston-cylinder pressure cell in a dilution refrigerator (24). The pressure was continuously monitored using tin and aluminium superconducting manometers. X-ray diffraction analyses confirm a continuous reduction of the lattice parameters under pressure with a bulk modulus of 189 GPa ( fig. S3 ) (24). Strikingly, under pressures up to 0.25 GPa, the resistivity exhibits the same anomalous power law behavior ρ(T ) ∼ T 1.5 with the same slope as at ambient pressure.
In contrast, above P c ∼ 0.4 GPa, ρ(T ) shows a clear deviation from a T 1.5 dependence at low T s and exhibits a FL-like T 2 dependence. This can be clearly seen in the T dependence of the power law exponent α, (solid circle) in ρ(T ) − ρ 0 ∝ T α , as shown in Fig. 1B . Interestingly, under P < P c ∼ 0.4 GPa, α increases gradually on cooling and becomes constant ∼ 1.5 below 0.3 K down to the superconducting (SC) transition temperature T c . In contrast, at P > 0.4 GPa it saturates to α = 2.0, the value known for a FL state.
The superconducting T c continuously decreases with pressure from T c = 80 mK at ambient pressure, and finally vanishes around 0.6 GPa (Figs. 1A & C) . To extend our analysis below T c , we measured the resistivity by suppressing SC under a weak magnetic field along the ab-plane, which should be irrelevant to the NFL critical fluctuations due to the Ising character of the 4f moments. Figure 1A inset plots the resistivity vs. T 1.5 measured at an in-plane field B ab = 0.1
T under various pressures. The corresponding T dependence of the exponent (shown in Fig.   1B ) indicates that the strange metallic state with α = 1.5 extends down to the lowest T ∼ 50 mK under P < P c , while the exponent saturates to α ∼ 1.8 at P ∼ P c and to α = 2 for P > P c .
The Fermi liquid temperature T FL , below which ρ(T ) shows T 2 law, systematically decreases with decreasing pressure and appears to vanish at P ∼ P c ( fig. S8 ). Figure 1C provides the contour plots of the exponent α obtained using the zero-field ρ(T ) data in Fig. 1A . The diagram reveals an extended region with anomalous exponent indicating the formation of the strange metal phase, and its subsequent crossover into the high pressure FL phase. From ambient pressure, a NFL (yellow) region with α = 1.5 occupies a finite range up to P c ∼ 0.4 GPa above the SC dome. In contrast, at pressures beyond P c up to 2.5 GPa, α locks into a constant ∼ 2 (blue) below ∼ 100 mK, indicating the formation of a FL phase. To carefully examine the phase evolution, in Fig. 1D we plot the exponents α= ∂ ln(ρ(T ) − ρ 0 )/∂ ln T at the midpoints of two temperature ranges: 90 ∼ 120 mK under zero field (large red circles), and 40 ∼ 60 mK under an in-plane field of 0.1 T to suppress the SC (orange circles). For the non-SC region at P > 0.8 GPa, we plot the zero-field exponent for the T range, 40 ∼ 60 mK (yellow circles). To further evaluate the exponent without the ambiguity associated with the residual resistivity, we have also carried out the analysis of the resistivity exponent (cross) using α = 1 + ∂ ln(∂ρ(T )/∂T )/∂ ln T in the T range 40 ∼ 80 mK, by suppressing the SC under 0.1 T at P < 0.8 GPa. All the data are consistent with the existence of a NFL phase with a constant α ≈ 1.5 at P < P c and a FL phase with α = 2.0 at P > P c (Fig. 1D ).
The apparent crossover between α = 1.5 and 2.0 marked by the two points with intermediate exponents is most likely a consequence of experimental resolution and a small inhomogeneity in the pressure. The presence of the superconducting resistivity spike close to P c (Fig. 1A) supports this interpretation (24).
In the FL phase, the A coefficient for the ρ ∼ T 2 law are found to be field-independent at B ab ≤ 0.1 T. Figure 1D shows that a part of the A coefficient exhibits a divergence at P c , following ∼ 1/(P − P c ) 0.8 (1) with P c = 0.40(5) GPa. In addition, kinks in ρ 0 are observed around P c for both B = 0 and 0.1 T (Fig. 1E ). Taken together with the change in the exponent α, these anomalies suggest a possible quantum phase transition at P c separating the strange metal phase from the high pressure FL.
Each of the putative NFL phases reported to date directly adjoin a magnetic phase and are thus linked to magnetic criticality (11, 12, 14, 17, 19) . Generally, in Yb based heavy fermion compounds, both physical and chemical pressure induce magnetism, stabilizing an "Yb 3+ " state with a 4f magnetic moment and a smaller ionic radius than its nonmagnetic "Yb 2+ " counterpart (25). To clarify the relation between magnetism and the observed extensive regime of NFL behavior in β-YbAlB 4 , we have performed a detailed study using high pressure and chemical substitution.
First, let us discuss the results of the "high-T (> 2 K)" resistivity measurements performed in a cubic anvil cell that allows us to reach a much higher pressure, up to 8 GPa ( Fig. 2A ) (24).
While a systematic change is found in the resistivity ρ(T ) at T > 10 K, no change was found in ρ(T ) at P ≤ 2.3 GPa below ∼ 10 K (24). Figure 2B shows the contour plots of the resistivity exponent α. By far the most prominent feature of the phase diagram is the wide (red) region of anomalous T -linear resistivity (24). This region spans from ambient pressure to 3
GPa, extending over a decade of T from ∼ 2 to 20 K ( Figs. 2A & B ) . Beyond the critical pressure P N ∼ 2.5 GPa, a kink develops in the resistivity, where the temperature derivative dρ(T )/dT changes abruptly ( Fig. 2A inset) . The "kink" temperature T N marks the development of antiferromagnetic (AF) order, as we will discuss. T N (P ) rises rapidly to 18 K at 8 GPa, to our knowledge, the highest Néel point in Yb based heavy fermion systems.
Correspondingly, in the "low-T (< 1 K)" measurements using the dilution refrigerator, application of pressures exceeding P N ∼ 2.5 GPa in a piston cylinder cell gives rise to a sudden decrease in ρ 0 (Fig. 1E) ; moreover a kink develops in the resistivity and its T derivative at a temperature T N , which rapidly rises from 80 mK at 2.72 GPa to ∼ 4 K at 2.8 GPa ( Application of pressure to the 6 % Fe substituted β-YbAlB 4 systematically increases the Néel temperature T N up to 25 K at ∼ 5.5 GPa (Fig. 4, fig. S7 ). For x = 2 % Fe substitution, pressure also induces magnetism at a critical pressure P N ∼ 2 GPa, a lower value than in the undoped crystals (2.5 GPa). One possibility is a topological phase transition. There are two such proposals that have been advanced in the literature. One is that the observed criticality is associated with the partial Mott localization of the f -electrons to form a decoupled neutral spin liquid with fractionalized spin-1/2 excitations, co-existing with a small-Fermi surface Fermi liquid (FL * ) (10, 27, 28) . In this scenario, as pressure is applied to β-YbAlB 4 , the increased localization of the 4f electrons gives rise to a spin liquid phase, stabilized by frustration in the honeycomb layers and the presence of valence fluctuations (13, 19) . The observed quantum criticality would arise as a gapless intermediate critical phase, screened by low T SC (10, 27) , which separates the heavy FL with a large Fermi surface from a topologically distinct high-pressure FL * with a small Fermi surface.
An alternative possibility, is the formation of a vortex metal (29) . In β-YbAlB 4 , the highspin M z = ±5/2 of the Yb ions (30) may give rise to a vortex structure in the hybridization between the conduction and f -electrons, driving a divergent density of state at the band edges.
As the vortex line submerges beneath the Fermi energy E F , the Fermi surface undergoes a change in topology. Quantum criticality appears at the topological transition where the f -level and its associated vortex hybridization, are pinned at E F by charge neutrality effects.
Independently of topological considerations, quantum criticality without an order parameter may arise at a quantum valence transition (31, 32) . While in its simplest form, this scenario requires an accidental, fine tuning of a critical end point to zero temperature, a particularly interesting possibility is that the topological vortex metal could provide a natural way for valence fluctuations to become quantum critical as the f -level is pinned to the Fermi energy.
Various experiments can be used to delineate between these scenarios. A variety of thermodynamic measurements such as magnetization and Grüneisen parameter (33) , is important to confirm the strange metal phase and its quantum phase transition to the FL phase under pressure. In particular, it would be useful to know if the T /B scaling observed in the thermodynamics of β-YbAlB 4 at ambient pressure, extends throughout the region of criticality to confirm whether the observed behavior is associated with a critical line, forming a branch-cut in the pressure-field phase diagram. Finally, it would be also useful to measure the 4f valence, to examine how the valence of the 4f state changes in the critical pressure region. Table S1 Figs. S1 to S9
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Figure Captions Throughout this paper, we use x(Fe) determined by EDX method for all the samples of β-
. As we will discuss in the following section, our chemical analysis using the scanning microscope indicates homogeneous distribution of Fe and Al.
For resistivity measurements, ultrapure single crystals with residual resistivity ratio (RRR) more than 200 were employed. In particular for the pressure study below 3 GPa, we used an ultrapure single crystal with RRR = 300 (with residual resistivity less than 0.5 µΩcm, and mean free path longer than 1000Å (35, 36) ). We confirmed that all the samples exhibit qualitatively the same behavior. For example, Figure S1 shows that the temperature dependence of the resistivity is almost the same for the two crystals used for the piston cylinder cell measurements.
To obtain the low temperature resistivity with high precision and accuracy, thin plate-like single crystals (typical size with 1.5 mm x 0.5 mm x 0.01 mm) were prepared. Electrical contacts were made to the crystals by spot welding technique, yielding contact resistance of ∼ 0.1 Ω at room temperature. To apply hydrostatic pressure up to ∼ 3 GPa, these crystals were mounted in a compact (hybrid CuBe/NiCrAl) piston-cylinder-type cell together with tin and aluminium superconducting manometers, and Daphne 7373 was used as pressure transmitting medium. A standard AC four probe method was employed using a 3 He/ 4 He dilution refrigerator equipped with low temperature transformers, which provide amplification of a factor of 30 and help us to reduce noise levels to less than 40 pVHz −1/2 . Low excitation currents (< 30 µA) were applied below 1.5 K to avoid sample heating. To ensure thermal equilibrium between the samples and thermometers, temperature between 40 mK and 1.5 K was controlled with a slow rate of the order of 1 mK/min. No hysteresis in resistivity was found between warming and cooling runs.
Thermal gradient across the pressure cell was monitored by two thermometers located at both top and bottom parts of the cell and was found less than 5 mK. To apply hydrostatic pressure up to 8 GPa in the temperature range between 2 K and 300 K, a cubic-anvil-type cell was used with pressure medium Daphne oil 7373 (37). Above 2.2 GPa, there might be a slight anisotropy in pressure due to the solidification of the pressure medium at room temperature. Table   S1 . We found a systematic decrease of the volume as doping Fe. The c-axis compressibility is found nearly twice larger than those for the ab-plane. Pressure dependence of the lattice constants a, b, and c of pure β-YbAlB 4 indicates that the c-axis compressibility is nearly twice larger than those for the ab-plane (Fig. S3E) . The pressure dependent unit-cell volume for both β-YbAlB 4 and β-YbAl 1−x Fe x B 4 (x = 0.06) at room temperature are plotted in Fig. S3F . The compression of the unit cell volume can be fit with a third-order Birch-Murnaghan equation of state (39),
Crystal Structure of β-YbAl
, where V is the unit cell volume under pressure, V 0 is the unit cell volume at ambient pressure, B 0 is the bulk modulus, and B ′ is the first pressure derivative of the bulk modulus. Fitting to the equation (Fig. S3F, solid lines) yields the isothermal compressibility, κ = (−1/V )(dV /dP ) T = 5.3 ± 0.2 (5.7 ± 0.2) ×10 −3 GPa −1 , bulk modulus B 0 = 1/κ = 189 ± 7 (176 ± 6) GPa, and first derivative of bulk modulus B ′ = 12 ± 2 (2 ± 1) for β-YbAl 1−x Fe x B 4 with x = 0 (0.06). 
Specific Heat and Magnetization for

Resistivity of β-YbAlB 4 under Pressure
Figures S6A and B display the temperature dependence of the in-plane resistivity ρ(T ) of a high-quality single crystal of β-YbAlB 4 (RRR = 200) under pressure between 0 and 8 GPa measured using a cubic anvil pressure cell. While no anomaly in ρ(T ) was observed below P = 2.1 GPa, a pressure-induced kink appears above P N ∼ 2.5 GPa. As discussed in the main text, the kink is due to an antiferromagnetic (AF) phase transition and the loss of spin scattering should be the origin of the resistivity drop observed below the kink temperature. The magnetic transition temperature T N is gradually enhanced with application of pressure and reaches up to 18 K under 8 GPa (Fig. S6A inset) .
A similar kink was also observed in the temperature dependence of the resistivity under pressure measured using a piston-cylinder type pressure cell in a variable temperature insert system. The transition temperatures determined by the anomaly in the temperature derivative dρ/dT are found consistent with the phase diagram made by using the cubic anvil pressure cell (Fig. S6A inset) .
In the magnetically ordered phase observed above P c , the resistivity power-law exponent α defined by ρ = ρ 0 + AT α gradually changes from 1 below P ∼ 2.7 GPa, 3/2 at 3 ∼ 4 GPa, finally to 5/2 above 4 GPa ( Figure S8 shows contour plots of the exponent α of the power law behavior of the low temperature resistivity. Two data sets of the resistivity measured under the in-plane field of 0.1 T at P ≤ 0.72 GPa (Fig. 1A inset) and under zero field at P > 0.72 GPa (Fig. 1A ) are used. The high pressure part at P > 0.72 GPa is the same as in Figure 1C . The application of the field suppresses the superconductivity and allows us to reveal in detail the pressure dependence of the Fermi liquid temperature T FL below which the resistivity shows the T 2 law. T FL becomes strongly suppressed with decreasing pressure and appears to vanish at P ∼ P c . Figure S9 shows the temperature dependence of the temperature derivative of the zero field resistivity, dρ/dT , for pure β-YbAlB 4 , measured under various pressures using a piston cylinder type cell. All the data show a smooth change except the data for P = 2.72 GPa and 2.8 GPa.
Low Temperature Resistivity of β-YbAlB 4 under Pressure
This indicates the absence of magnetic order in the pressure range of P < P N ∼ 2.5 GPa. At P = 2.72 and 2.8 GPa (> P N ), a sudden increase in dρ/dT is clearly visible, indicating a magnetic order at T N = 80 mK and 4 K, respectively. The rapid growth of T N as a function of P suggests that the pressure-induced magnetic phase transition is first order, as also indicated by the sudden change in ρ 0 across P N . Table S1 : Lattice constants and unit cell volume for β-YbAl 1−x Fe x B 4 with various x at room temperature. The lattice parameters are estimated by single-crystal ( * ) and powder X-ray ( * * ) diffraction measurements. A typical value of the residual resistivity ratio (RRR) is also shown. Fig. S1 : Temperature dependence of the in-plane electrical resistivity for two ultrapure single crystals (sample A and B) with RRR= 300 employed for the low temperature resistivity measurements under pressure using a piston cylinder cell. The panel (A) is for T > 2 K and the panel (B) for low temperature region at T < 1 K. In contrast with the c-axis component, the ab-plane susceptibility is nearly T independent, indicating the Ising anisotropy (20, 30) . No hysteresis was observed between zero-field-cooling and fieldcooling sequences. 
